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A1.,TRACT

A diffusion-deposition r.'. .1l is developed for use in estimating

dosage levels dv.i to in, flight -. lea" of fission fragments from a

nuclear-powert* Pircraft. TI.e model is based on the work of Sutton

fnr diffuslor vid the wnrk of Caamberlaln for depositin. The model

considers an tewsted ingar. jous po1t* source awd an elevated

instaaneous line source oriented at an arbitrary angle to the mean
wind direction.

gested values at the various deposition, rain-out, and diftatcn

parameters to be used with the model are presented along with a quall-
• ~tative discussion of the uncortalnose of the modidad~t. he suggested
S~parameters,
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I DIF FUSION-DEPOSITION MODEL

FOR IN-FLIGHT I[!LEASE OF FISSION FRAGMENTS

1. INTRODUCTION

The purposes of this study have been (1) to develop a diffusion-

deposition model which, when combined with allowable fission-product

dosages, will permit estimation of the allowable fission-product release

rates during flight operations of nuclear aircraft, and (2) to suggest

values of the parameters to be used in the model for a variety of
meteorological conditions, flight altitudes, and flight patterns.

As a first approximation and with no slgnUicant loss of generality,

the source of contamination has been treated either as a line source of

finite length or as a point source at each of several fixed heights above

sea level. Values of the parameters have been selected for flight alti-

tudes of nuclear aircraft ranging from 500 to 35, 000 feet above sea

level. Flights in the stratosphere have not been considered.
It has been assumed that the fission products will be released as

gases or as fine particulate3. The particles ar. expected to exhibit a

log normal distribution with a geometric mean diameter of 0. 0 3ii and a

geometric standard deviation of two. Also assumed is a constant release

rata of each fission product during periods of operation on nuclear fuel.

Consideration has been given to the problem of exposure not only

of the fixed receptor at ground level but of the moving receptor at air-

craft flight levels.

2. THE DIFFUSION MODEL

2. 1 Definition of Problem; Modeling Approximations

The diffusion model is derived to apply to the following specific

problems associated with the normal operating release of radioactive

materials by a nuclear-powered arcraft:

a. A source geometry of either a finite straight line or
a circle laid out at some given height between 500 :and 35, 000
ft above the ground surface

(Authors' manuscript approved 13 April 19r0.)



b. An orientation of the line source at an arbitrary
angle to the mean wind dlre-tion at flight altitide

c. An estimate of the pollution levels to which a
pr[rson on the groun•i may be exposed

d. An estimate of the pollution levds at an arbi'rary
height in the atmosrphere to which a person flying IL a
private or commercial aircraft may be exposed

The finite time the aircraft will take tn lay out the source has been

ignored in development of the diffusion models. That is, It has been as-

sumed that the source may be considered instantaneous in comparison

with the diffusion times that characterize the problem (several hours to

days). This reasoning also leads to the assumption that the source laid

out in a circle may be treated as an Instantaneous point source for ex-

posure distances sufficiently far from the circle. The error intoduced

by these approximations Is effectively nil for estimatii" contamination

levels at the ground and at aircraft flight levels.

The must serious a3sumption made in the models is tbJt the mean

wind is constant in direction and speed throughout the portion of the at-

mosphe-e under consideration. Ir general this is an unrealistic

assumption for application to "typical" atmospheric conditions. Never-

theless It Is felt that the uncertainties arising in the selection of values

for the various modeling parameters are large enough that *rying to

account rigorously for a nonuniform mean wind field introduces an

unnecessary refinement. A qualitative discussion of the error this

assumption introduces is given in Section 3 of this report.

The basic diffusion model chosen as a starting point for this

prob)em is Sutton's model 1 2 for concentrations due to an instantaneous

poirt source. The final model developed for the ground contamination

problem enables one to make rough estimates of the following quantities

for either the point source or the line source:

a. The exposure or time-Integrated-concentration with
or without deposition on the ground or scavenging by pre.
cipitation processes

2
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b. The total deposition of material at a point on the
ground due to naturil pickup of the material by vegetation,
objects, etc.

c. The total deposizion uf material at a point on the
ground due to scavenging by precipitation processes

The model for estimating exposures at flight altitudes ignores the

effect of deposition or scavenging on the air concentrations. Only two

special cases of this problem are treated: an airplane flying through

the cloud (1) parallel to the flight line of the nuclear-powered aircraft

at the same speed, and (2) parallel to the mean wind direction,

Finally, in both models it is assumed that there is no difference

between the power indices on distince for dlffu.,don in the crosswind and

vertical directions; that is, it is amsumed that any anisotropy existing

In the atmosphere on the scale of this problem can be accounted for by

simply assigning different valubs to the so-called diffusion coefficients,

Cy and Ca.

2.2 Model for Estimating Contaminatton at Ground Level

The eqattaon for the concentration, X , at a point on. the grouna,

(x, y, o), due to an instantaneous point source located at x = -*cos 0,

y .tsin 0, z h (see Fig. l) Is given by

2Q*
X (x,y,o,t) = 3/2 7 72.(2 --n)I CXC y Cz .(•tr

r-2.2 2
(x -,Co -Zt)(y- sin) h 2

exp - at 2-F C 2 - + T (1)
C Y C

where Q* is the source strength (total amourt of material); Cx ,y

and C are the diffusion coefficients with the dimensions of length to
the-j- power; n Is the power Index (dlmenirtonless) mentioned prev-

iously; y has the dimensions of quantity of materlal per :i-t volume;

3
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FIG, I Schematic diagram of geometry ofsource re.erred to a Cartesian coordinate systemoriented With the x- axis parilel to the iea winddirection. Length of source = 2L; angle betweenline source and x-axis = &; height of lna sourceabove ground plane (z = o) =

lif is the mean wind speed; t Is timie after Wnroductlon of the source;and X, y, and Z are the coordinates of a Cartesian system with thex- axis oriented parallel to the mean wind direction (Fig. 1). Theorigin of the coordinate system Is the point defined byZ u i 0 (zx y = o),Z = 0.
The total exposure, E PIs obtained from Eq. (1) by integrating

".p.

over time (zero to Infinity) assumirng that the spread of the cloud issmnall cornpaFied to the travel distances of the center of gravity of thecloud from its Initial position. The result is

4



2Q-

l (y(nx)

CX- L 2 J 1  (2)' L c/ cz

Thn analogcuq quantity, E, for an instantaneous line source is

obtained by integrating Eq. (2) over 6 from - to +L for a line

source of length 2 L:

2Q i>(x) I

E(x,y, o) =
C Cz -L (X - cos,,.)2-n

1 (y- Isin.)2 h2 i]
exp ---- dr. (3)

• -. x- ,2cos 2- L c/

Ix for x ' Lcos ; " 0

where ý(x) 
C

L for x > Lcos ; (4)

I L for =900: x >o

The source strength, Q, must now be given in terms of amount

of nmaterial per unit length to make the equation dineasionally con-

siitent.

If there were no deposition or precipitation scavenging, Eq. (3)

would give estimates of the exposure near the grouned upon selection of

suitable values for the various parameters. It L. felt, however, that

these latter processes may be important, particularly for tth.se re-

leases relatively near the ground surface. An attempt to account for

these effects Is made following the work of Channiltrlaln.5

The tctal deposition, , at a point on the trour.d is given by

5



•pQ

-(x, Y, 0) r (x, y,o) 0 -

where ýA has the dimensions of quantity of material per unit area;

V is the deposition rate. The far right-hand side of Eq. (5) indicates
9

the fact that deposition acts to deplete the effective source strength of

the cloud. Substituting Eq. (3) into Eq. (5), solving for Q, and sub-
stituting the result baLk into Eq. (3) gives

2Q 0(X)2 Vg
E(x,y,o) - exp - / - t

C yC zii -Lcos C- L ,CyCff (x -. cos')2"n

v( syn s 0) 2 2
ei -L (x - cos 0)2-n C (v - ,ui s)2  C 3 1 d

y Z/.

1 1(y -isin) h 2 1

L(x _cos 9 2 - nxp (X-.'cos',^) 2-n~. C 2 Z 2

where Q is the source strength at x = o (or at the initial time). "The
deposition, I ; is then given by multiplying Eq. (6) by V , the

deposition rate.
The scavenging of the particulate or contaminant cloud by pre-

cipitation processes Is treated here as a two-stage process. Because
of the small particle sizes expected in thu contaminate cloud, one must

firsi estimate the fraction of exposure that becomes contained in the

cloud droplets. The second step is to estimate the efficiency of pre-

cipitation (rain) in removing the cloud droplets. The actual precipita-
tion depletes the effective source strength of the particulate cloud
whereas the acquisition of particles by cloud droplets has no effect on

the exposures. Once precipitation has started, the exposure at the
ground (following Chamberlain 3) Is given by

6i



2Q0 exp [-A(. - xb)/tl 1
E(x, y, c) = -- L (x -'coSe) 2 -n

C (Y.cs C)"Z( sn•) ~•}

exp -[Cv2 (]d; (7)

where 2. is the elimination constant (units of time' 1) that characterizes

the depletion of cloud droplets by precipitation; xb is the downwind

distance where precipitation scavenging first begins; that is,

o x < xb

;.A x ý Xb (8)

The fraction of the exposure actually contained in cloud drorlets

Is given by (see Greenfield8 ):

[ 1 - exp (x - a/ (x, y, z)

whe-e

t'o x <x aFo ; x I

Is the time constant describing the cloud droplet efficiency in acquiring

particles, and xa is the downwind distance where cloud droplets first

appear. The total amount of material per unit area deposited on the

ground is obtained by integrating %' (lI-exp C-, (x - xa)/ U I I E

over height under the assumption; that the removal processes are

,niform with heignt and that the water-droplet cloud completely em.,

braces the particulate cloud. Dry deposition and reflection at the

s.urfa,.e when precipitation occurs axe both ignored. Thus

7



P(x, y, o) 1 - exp -" -xi' i W (Xy, z) dz

-d -exp e-(x- X )/ Q .... " x . .......

61(x ) I e (y - s in 0 )2  d,

2-n - 'Cos d2 .(1-)
,-L (y- Cose) 2 , C2 (x- ,cos )) 2"

If a pokLt source of strength Q instead of a finite line source Is

ccnsidered, the above modejing equations are sLmplified by settLng

identically equal to zero wlhich eliminates the integrat1~ns wtthl rcspect

to c' . Thus, to summarize, tWe so!utions for the pci source

problem. are as follows:

a. Exposure, with dry deposition,

2 22Q0  1 y h
E b(x, Deposo exp

yzy

"r
I 2 2 Vg 1 y h"

exp • -y -1. ex -n x2C /3I U'o 1c c *IC** 'C

b. Deposition

(x y2 VC \Q 1 2  h 2

11p(x Y 0 ~2.n eXPL ~n C 2 +~

ecp i., Y exp '- (1,- - ) ,!<2)y yz
g I y /'

8



c. Exposure, with precipit-tion scavergir.g,

2Q' exp [-,',(x - Xb)/ a
E (x,y 0o) 

2-n

d. Deposition due to precipitation scavenging,

Pp (Zx ,y0)= -exp -{(I- xa)/ "••eP[f'XX)ip 1/ 2 C y 'x

yy
F ", 1I

Y J/

2.3 Model for Estimating Contamination for Privately Flown Aircraft

Let us imagine a privately-owned or commercial plane flying a

course parallel to the source line laid out by the nuclear-powered air-
craft. To simplify the problem mathematically, it Is assurmd that the
planes have equal flight speeds and that the end effects due to the finite

length of the source can be neglected. The source can now be treated

as a fixed continuous point source and the exposed plane as a fixed point

relative to the s~urce. Surface depoeition does not enter this problem
and precipitation scavenging is neglected. The concentration at the
exposed plane is then given by

XJx,y,z) =n n p C (15)

yZ)



%.vhere the Cartesian coordinate systems has its origin at the exhaust

point of the nuclear-powered aircraft; Q' is the amount of material

released per unit time.
The exposure for the private plane is given, within the 1.' 1its of

the preceding assumptioni, by

F 1 ~2 ~2
Sz•Q - 1 'Ya z2\

E(x, y, z) =exp + - (18)

7Cyz x2n L 2-nc 2  C¢ 2I•Cyy

where Q is the total amount of material released in flying a line uf

length 2L.,; that Is
2L/Va

= Q' dt

where V Is the airspeed of the airplone. This case is Included be-

cause U serves to define a region In the vicinity of the nuclear-powered
aircraft from w~hich other air traffic must be restricted. It is the most

serious conceivable air contamination problem arising from normal
operation of the ,mclear-powered aircraft.

The case of a privately-owned plane flying parallel to the mean
wind direction Is treated here for an infinite line source oriented per-

pendicular to the mean wind. This is not a particularly serious simpli-

fication if the exposed plane flies along the x-axis of the finite line

source; in effect, the model neglects the end effects of the real finite-
length line source.

The concentration at a point (x, z) relative to the initial release

line is given by

Q0~ ~~ (x - it)2 2
XC(x,Z't)=7 C C(tat) 2 .n exp {(it)2 n + LC-2  (17)

10



An approximate solh.tion to the coata iaation prohle~n is oi, ained iv

assuming that the exposed plane passes tnrough the cloud as describel
at some fixed time, t. The aircrtaft exposure Is thus

Q 00 dx
E(z,t)/" X d, / X(x,z,t) -- =

Qo i za

Q0 2 -- exp -

1/'2 :A 2 2-(18CzVa(if t) L z (18)

where V 1:3 the airspeed of the exposed plane; or, for X = ut , thea
position of the center of gravity of the cloud from Its initial position,

Qo z2
SEXz) y/ exp i(19)

-. 2-
Z aV F ~21

3. VALUES OF PAP.2,1ETERS

3. 1 Ground-level Exposure, Point or Line Source

The determinntion ol suitable values for ii, n, Cy and Cz for
this part of the problem is primarily governed by the fact that the re-
lease Is at a relatively high level In the atmosphere whereas estimates
of ground-level exposures are required. All four of these parameters
vary with height with the greatest percentage variation probably being
that of the wind speed, ir . The parameters also have horizontal and
time variattons, but these variations are considered secondary In
importance to the vertical variations as far as estimating exposures at
the ground are concerned.

In general the parameters have been given values that are

averaged over the depth of the atmosphere frL.:i the surface to the re-
lease altitude, h. Several heights are chosen between 500 and 35, 000 ft

for this purpose.

11



V.alues of d were derived from tabudations presented by

Crutcher ; these tabulations provide seasonal means of wind speed and
direction as well as time var.abLUty vs. height for many weather-

observing stations in the Nurthern Hemisphere. Three stations are
chosen as examples to indicate roughly the degree of variability one

might expect due to such factors as geographical location and season

of the year. The wind data for these three stations, (Seoul, Korea;

San Diego, California; and San Juan, Puerto Rico) are given in Table 1.
The directions of the mean winds are also important and should

be determined for the region of interest in order to assess downwind

effects.

For planning purposes, estimates of extremes of exposure ex-

pected at the ground due to flight-line orientation can be obtained by
using values of 8 = 900 (line source crosswind) and 9 u 00 (line

source parallel to mean wind) in the generalized model.

It must be emphasized that the actual wind observed at any time
will generally be quite W1Lfferent from the mean values given in Table 1.
For a given mean wind direction at a given level in the atmosphere,
the observed wind speed can be expected to be between zero and the

mean speed in that direction 25 percent of the time.

Additionally, it must be recognized that the existence of wind

shear with height has a profound effect upon exposure estimates at

ground level In that shear enhances the diffusing power of the atmos-
phere. This meaiLs that the model tends to overestimate the exposure

in regions of appreciable shear.
Selection of suitable values of n, Cy , and Cz must take into

account the variation of these parameters with thermal stability as
well as with height. In general, n increases with increasing thermal
stability. However, available observational data indicate no systematic
variation of Cy and C. with thermal stability.

Under the assumption that atmospheric anisotropy :':oed niot be
accounted for by assigning values to an ny and an n. , results quoted

12



TABLE 1. Five-year ze2.5sozzd mean wind speeds (in/sec) averaged overd2.i!h of the atmosphere between the heLght of receptor andthe ilight altitude of the nuclear-powered aircraft for Seoul,Korea; San Diego, California; and San Juan, Puerto rico.

Seoul Korea 370 34'N, 12C1 58'E)HEIGHT SEASON HEIGHT (Thsds of feet)
(thsds
of teet 0-0,5 5 to 15 20 25 30 35

Winter 8 8 10 13 15 18 22 25Spring 4 4 6 8 10 13 15 180-0.5 Summer 2 2 3 4 5 6 7 9Fa.l 4 4 6 8 10 13 15 18
Winter 9 12 13 18 21 25 30Spring 4 7 9 12 14 16 195 Summer 2 3 4 5 a 7 .8Fall 4 7 9 12 14 18 19

Witer 15 18 21 24 27 30
Spring 9 12 14 18 19 20

10 Summer 4 5 a 7 8 9
Fall 9 12 14 16 19 21
Winter 21 24 27 30 33Spring 14 17 19 22 2415 Summer 6 7 8 9 10Fall 14 17 19 22 33
Winter 27 30 33 35Spring 19 22 24 2520 Summer 

8 9 10 11Fall 19 22 24 25
Winter 33 37 39Spring 

24 26 2825 Summer 
10 11 12Fall 24 26 28

Winter 
40 41Spring 
28 3030 Summer 
12 13Fall 
28 30

Winter 
42Spring 
1435 Summer 

14Fail 
32

13

/t



TABLE 1 (Cunt.)

San Diego, C(aliforn•a (320 44'N; 1173 10'W)

fIGrýCHT STE -................. sd. of feet)
(thsds
of feet) 0-0.5 5 10 15 20 25 30 35

0-0.5 Winter 2 2 4 6 8 10 12 14
Spring 3 3 4 5 7 9 II 12
Summer 2 2 3 3 5 5 6 7
Fail 2 2 3 3 5 6 7 8

5 Winter 2 4 6 8 11 12 14
Sprirg 3 4 5 7 9 It 12
Summer 2 3 4 5 5 7 8
FalU 2 3 3 5 6 8 9

10 Winter 6 9 11 13 14 15
Spring 5 7 8 11 12 13
Summer 4 5 6 7 8 8
Fail 3 4 6 7 8 9

15 Winter 11 13 15 17 19
Spring 8 10 12 It 15
Summer 5 6 7 8 9
Fall 5 7 8 9 10

20 Winter 15 17 19 20
Spring 11 14 15 16
Summer 7 8 9 10
Fall 8 10 11 12

25 Winter 19 21 22
Spring M8 18 19
Summer 9 10 11
Fall I 12 13

30 Winter 22 24
Spring 19 20
Summer 11 12
Fall 13 14

35 Winter 25
Spring 21
Summer 13
Fall 15

14



TABLE I (Cont.)

San Juan, Pucrto Rlico (180 28'N; 686 07'W)

HEIGHT SEASON HEIGHT (Thsds of feet)
(thsds
of feet) 0.0.5 5 10 15 20 25 30 35

0-0.5 Winter 7 7 a 5 6 9 11 14
Spring 5 5 4 5 6 8 10 13
Summer 8 8 7 7 4 5 5 6
Fall 5 5 4 4 4 4 4 5

5 Winter 7 8 5 6 9 12 14
Spring 5 4 5 d 8 10 13
Summer 8 7 7 8 5 5 6
Pill 5 5 4 4 4 4 5

10 Winter 4 4 5 7 10 12
Spring 2 3 4 8 8 11
Summer 6 6 5 4 4 5
Fall 4 4 3 3 3 4

15 '.VL-t er 3 4 7 9 11
Spring 4 5 7 9 12
Summer 5 4 4 4 4
Fall 3 3 3 3 4

20 Winter 5 8 10 12
Spring 8 8 i0 13
Summer 3 3 3 3
Fall 2 2 2 3

25 Winter 10 13 15
Spring 10 12 15
Summer 2 2 3
FaUl 2 2 3

30 Winter 15 17
Spring 14 17
Summer 2 3
Fall 2 3

35 Winter 19
Spring 19
Summer 3
Fall .1

15
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Ln the USAEC WASH 740 report, 14 by B3arad and Haugen, and by

Co.i-a.r 6 are essentially consistent with Sutton's recommendations13

for the variation of n with thermal stability. At levels in the atmos-

phere well above the gradient level, however, variationLs In thermal

stability are relatively small and a value of a slightly greater than

the neutral value is probably appropriate.
Computations of Cy from data published by Wilkins 1 5 for large-

scale diffusion, assuming an n value of 0.25, led to values fer Cy

that show a alight tendency to decrease with height but that are con-

sistent with values of Cy arising from several other sources; fox,

example, references 2, 9, and 14.
To determine suitable values of Cz , three recently conducted

experiments over a range of about 100 miles were analyzed with a rate

of deposition of 2 cm/sec for the fluorescent pigment used and a value

of n of 0. 25. The release altitude for these experiments was about

2000 ft. Thermal stability rangod from slightly stable to slightly un-

stable. The resulting values of Cz are essentially consistent with

Prairie Grass data2 and Sutton's suggested empirical equation13 for

the variation of "C" with height, but they are an order of magnitude

less than the values recommended in the USAEC WASH 740 report.

However, since the three experiments analyzed are directly pertinent

to the problem of line sources, it Is felt that the analysis of these data
must guide the choice of values for CZ until further experimental

evidence is available.

The values recommended for n, C.y, and Cz as a function of

height and thermal stability are summa-zed in Table 2. Probable

limits of these values are also tabulated for the purpose of asssssing

the degree of variability one might expect In these parameters. It is

emphasized that this tabulation of values Is for estimating exposure at

the ground arising irom release of material at a given altitude h;
that is, the values represent rough averages over the heights Involved.

For the small particle sizes considered In this study, the deposi-

tion of material from a cloud to the grotnd during non-precipitatLon

16/



a, jLE 2. Values of a, Cy, and C7 vs. height of release and therma/l
stability to use in models for esLimating exposure at the
ground. Ranges of the values are indicated in parentheses.

HEIGHT ,/ '2) n/2)
(ft) STABILITY Cy (n , Cz (m 1n

Lapse 0.40(0.2.0.6) 0.05(0.01-0.1) 0.15(0. 0-0. 20)
Neutral " " " " 0. 25(0. 20-0. 35)

500 Moderate Inversion f" " " 0. 33(0.30-0.45)
Strong Inversion 0:" " " 0. 0(0. 45-0. 80)

Lapse to to to . 20(0.0 -0.20)Neutral " " " " 0. 25(0. 20-0. 35)

5,000 Moderate Inversion " " " " 0. 33(0. 30-0. 45
Strong Inversion " .. .. . 0. 50(0. 45-0. 80
Lapse " " 0 " 0. 200.0 -0. 20
Neutral " " " 0. 25(0. 20-0. 35)

10,000 Moderate Inversion " " " 0. 33(0. 30-0.45)
Strong Inversion " " " 0.50(0.45-0.80)

15,000 0.30(0.2-0.5) 0.03(0.01-0.08) 0. 30(0. 20-0. 35)
20,000
25,000 " I "
30,000 .
35,000 ",

conditions is believed to be limited by the meteorological diffusion

parameters and the processes of impaction and sticking to objects on

the ground rather than the settling of particles through the influence of

gravity. Particles brought through the boundary layer to the ground by

the turbulent diffusion process deposit on vegetation or other ground

object3 by inertial impaction and diffusion and stick by electrostatic
forces, chemical attraction, or other means. Investigations of this

process during neutral atmospheric stability, assuming that the rate of

transfer of material across the boundary layer is equivalent to the rate

of transfer of momentum across tho boundary layer, indicate that the
velocity of deposition should vary directly -vwth wind speed. There Is

also reason to beleve that the deposition velocity should change with

stability in the lower layers of the atmosphere, being greater durirg

unstable conditions than during inversion conditions.
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Data on the .elccity of depositioj , [ :it Hlanford inct from

British experiments lnlicate a value of 2. 7 cn:/sec Is appropriate.

Calculations of the deposition velocity, a.7sui: ing that the flux of matter

's equal to the flux of momentum durtne neutral conditions, result in

about the same value. Measurement of the velocity of deposltion of

fission products resulting from arc burning of uranium has indicated

a lower deposition velocity of about G. 1 cm/sec. The difference be-

tween the 1131 and the fission product aerosol values is believed to

be due primarily to a net difference In impaction, retention, or adsorp-

tion efficiency on the surface.

For the model proposed, the velocity of deposition Is assumed to

vary directly with the wind speed near the ground (say 2 meters height)

with an arbitrary but theoretically tractable allowamnce made for the

change due to atmospheric stability. They are given as a'tatio to the

wind speed. Separate values are given for particulates andtalogens

based on the experience at Hanford and En-lish expcriwei:ts for the

halogens and English experiments for the fine particulates. The

noble gases do not appear to deposit appreciably.

In an analysis of rain- scavenging of radioactive particulate matter

from the atmosphere, Greenfield 8 found that direct interaction of rain-

drops and particles does not account for the efficient removal of material

whose ýtameter is below approximately one micron diameter. However,

he was able to explain the removal of these smaller particles by allowing

the particles to mix with the water cloud before the rain starts so that

the -mail particles that are scavenged by coagulation are then placed In

a position to be more efficiently removed by the rain.

Our present knowledge Is still too Inadequate for anyt,•Ing beyond

a suggestion of the scavenging processes in the atmosphere for such

finely divided material as envisaged from the reactor. Evidence from

world-wide fallout studies suggest that the very small fission products

become attached to the natural aerosol partlclv's and then hiave a history

in th'- atmosphere similar to that of the host. The time required for

.iu.h; a co.liýLtion to near completion is not known, but one would not
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TABLE 3. Deposito;n parameters for particulates and halogens vs.
thermal stability. After Healy (9: p. 6)

T EIIMAL STABIILITY V9/d 2

Particulates* Halogens

Strong Inversion 1.5 xz 0-4 2. 4 x 10-3

Moderate Inversion 2 x 10-4 3.4 z 10.3

Neutral 3 x 104 4.6 % I0-3

Unstable a x 10-4 8 X 10.3

"For fission products attached to natural aerosols a figure of about
one-third that for halogens is suggested rather than the above
ilgures for particulates. This figure arises from qualitative ap-
praisal of world-wide fallout and cannot be defended qua.ittattvly'
at this time.

expect ± to be as rapid as the coagulation with larger water droplets

i'ecause of the relative d.ifferences in mean free paths. Junge sug-

gests that the predominant cause of the modification in sli,,-dlstributlon

of the stratospheric aerosols on the way down through the troposphere

Is the repeated cycle of condensation and evaporation of clouds, a

process requiring considerable time.

For the present calculation we assumed that the predimirnant

mechanism for removlr4g t.ese small particles from the air by rain

must be cloud-droplet-scavenging coupled with 'ater 3cavengir, of the

cloud droplets by larger raindrops. Effective scavenging constants,

that is, the time required for the number of particles to decrea3e to

I/e of the initiil value, for the contaminant activity in the presence of

cloud droplets characteristic of stratus and cumulus cloud ccnditions

were computed from Greenfield's curves assuming that the activity

wa. proportional to the volume of the particle. The cloud character-

t.tlcs used by GreerJield compared favorably with later datk reported

by awn Kampe and W.tckmannI and were not altered. The calculated

titms required for one-halt the activity from the air to enter the cloud



"TABLE 4. Parameters ior cloud-droplet scaver.4irg of particulate
cloud and precipitation ocavengAng of cloud droplets.

Height ofat Scavenging Elimination
eRata~ll Rate Constant,, Constant, .•

Release (it) Cloud Type (rmm/hr) (sec" ) (sec-I)

500 and
5000 Stratus 0. 5 5 x iO06  2 1 10"

All heights
5. 000-35, 000 Cumulus 3.5 6 x 10" I x 0"

droplets, that Is, the .', values called for in the model after mixing of

the cloud and contaminant particles, are given in Table 4.

The amount of activity that will fall out as rain will depend tupon

the time of mixing of the contaminant and c!oud elements and the rate

at which the cloud droplets are swept from the cloud by larger rain-

drops. This latter aspect of the problem was studied by ChamberlaL''

usbig Langmdir's theory 1 0 of the formation of raindrops by coalescen;e

with smaller raindrops and 1est's relationship4 between raind,-op size

and rainfall rate. Results of Chamberlain's study appll.cble to this

problem are also summarized in Table 4.

The scavenging of fission products by cloud droplets can only

occur at heights at wiach the clouds form. The heights of the various

types of clouds vary -jUhin wide limits. However, scavenging by

stratus clouds should be limited to 5000 ft and below, whereas scaveng-

ing by cumulilform clouds can occur at any height between 2000 ft and

the tropopause.

3.2 Exposure to Private Aircraft, Line or Point Source

ror this part of the problem, only the determination of values of

ff foUows the same procedure as outlined in the preceding discussion.

Seasonal mean values for the three stations chosen as examples of the

types of wind distributions to expect are given in Table I (page 13).

The choice of values fur CYO Cz, and n, however, requires a
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somewvhat different procedure. The diffusion problem we are consid-

erting here is generally restricted to a layer of the atmosphere that is

not particularly deep nor close to the surface. If the layer of concern

is well above the gradient wind level in the atmosphere, that is, about

10, 000 ft or more above the surface, one would expect the turbulence

to be nearly isotropic. If the atmosphere were incompressible or the

mean tropospheric lapse rate neutral rather than slightly stable, one

could use theoretical arguments to conclude an isotropic field of turbu-

lence in the free atmosphere. In any event it is difficult to conceive

that the diffusion coefficients, Cy and Cz, can differ by roughly an

order of magnitude so long as diffusion through the atmospheric friction
layer is not involved. There are no data concerning vertical diffusion

through layers of the free atmosphere that can be brought to bear on

K • this problem, so the best one can do here is to estimate a reasonable
value for Cz, In line with the discussion outlined above, one would

expect Cz to be slightly less than Cy in the mean, although at ti'mes

it could conceivably be equal to or greater than Cy.

Thus, If both planes* are flying at 10,000 ft or more above the

surface, we recommend the following values for the parameters: Cy

0. 3; CZ, 0. 1; n, 0. 30. Variations of these parameters are probably
within the ranges: 0.2 C C 0.5; 0.05 e Cz • 0.2;

y
0.20 _ n K 0.35.

Oa the other hand, if the flight altitude of eithcr plane is nearer

5000 than 10, 000 ft or below 5000 ft, the values of Cy, Cz , and n

given in Table 2 should be used.

4. DISCUSSION

Most of the remarks of this section are intended to provide per-
s;pective for use in evaluating the significance of exposure levels

estimated from the foregoing models. In general the approach to the

problem is conventional with methods directly obtained from the liter-

ature applied where possible. It is hoped that individuals using this

document will realize the uncertainties and the lack of precision of

*A privately-owned or commercial and a nuclear-powered aircraft)
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wany cf the calculational tec!muiques used an'.d will appieciate the role of

the "educated guess, " both In deriving the model p~arameters and in

Interpreting the results.

Even to this day there is no real standard set of numbers to use

in the diffusion model and each "expert" will use his own. in fact none

of the many attempts to derive expressions for the diffusion of gases

and small particulate materials in the atmosphere can be rigorously

defended on theoretical grounds, but mhost can be used with acceptable

accuracy, if appropriate values of the diffusion parameters are intro-

duced and the limitations of the models properly assessed. Corsequent-

ly there is a common reluctance among atmospheric physicists to

attach quantitative estimates to phenomena so vague tand uncertain as

depc bition and rainout )r cloud scavenging, particularly since assign-

ment of numerical estLnations conveys an erroneous impression of the

-ondfidence or firmness of the knowledge constituting the basis of the

estimate.

The atmospheric diffusion model chosen 'iWlizes the fact that the

damage from radioactive materials is the result of the total integrated

concentration or the product of the concentration and time and not of

the concentration itself. Thus the results are expressed in integrated

exposure regardless of the tine of passage of the material. The ex-

posure limits to ,)e applied iW calculating the pernmssible release rates

can then be expressed in terms of the inegrated concentration at the

site of interest, with the amount of any isotope in existence at this time

being corrected for the decay time since release.

Care must be used in sumrming the componeris of the exposure at

"various points in the environs for Jeterminting permiissible release

rates. The extertlud exposure to humans at ground level will aris,

from material remaining in the cloud and that deposited on the ground

so that the change in size of the cloud aWd deposition pattern with dis-

tance must be taken into account. 1-urther, isotopic factionation of

b)th the material in tue cloud and that depo.Ated may occur at downwind

points due to dwlerent deposition • clocities of the isotopes. AlI of these

22.



factors must be properly accounted for in usiig the model.

The diffusion model is only expected to provide an averag~e be-

havior of the contaminants. For essentially Lns•taneou releases, a
large variety of behaviors is possible. Discrete puffs are influenced

completely by the eddy structure in which they are embedded. However

this structure may be changing constantly so that the variety of patterns
is almost infinite.

As is the practice with calculations of this nature, the dilution or

exposure is calculated for a specific meteorological condition. However,

meteorological conditions are characterized by change so that the proba-

biliy of encountering protracted periods of a specific meteorological
cond•lion is rather low, especially In the lower atmosphere. Thus the

"steady state" estimates made for large travel times may become in-

creasingly unrealistic. The mean wind speeds given in Table 2 (page
17) are averaged over the space governed by the radiosonde flight

column to 35, 000 it from a given station. In the aircraft flight problem
not only the winds Ln the area of flight but the winds in the area affected

by the contaminants should be characterizud in terms of space and time

variability. Such a climatic summary for the specific areas is required
to adequately appraise the environmental problem. Then one can

assess the probability of certain levels of environmental effects based
on the climatic summaries. Wind velocity shear Ln the vertical is an

important factor in dispersing materials in the atmosphere, particularly

over long travel times. In the lower 5000 ft of the atmosphere the
average veering is 200 to 900. To a first approximation, one may as-

sume that this veering Is evenly distributed throughout the layer.
Another factor not specifically Included in the model is the effect

of large- scale yretical motions in the atmosphere. However it is felt

that the effect of this factor Is sufficier.tly allowed for by the range of

C appearing in Table 2.
Altitudes as boundaries for certain physical processes in the at-

mosphere are not intended to be rigidly defin'ed. Li deriving the values

of parameters and altitudes of applicabl;ity, some space and time
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average though' to be reasonable was used to provide an internally con-

sistent model. In some cases, only an educated guess was available.

Particularly difficult or impossible to incorporate in a general model

is the effect of changes of thermal stability with altitude. Vertical

temperature soundings commonly show layers of stable and unstable

air at various altitudes. Vertical diffusion of contaminants released

between stable layers may be limited almost as if bound by horizontal

barriers above and below. An analysis of temperature soundings in

the region of interest would Indicate the severity of su-:h a problem.

In coastal regions a land and sea breeze may have to be accounted for

In the analysis. The vertical extent af sea breezes is normally about

3000 ft, the land breeze about 1500 ft, and the overall land-sea breeze

system In the vertical extends to about 10.000 ft.

Noteworthy among the meteorological eituations not adequately

covered by a general model is one such as the capping inversion in the

Los Angeles area. Dispersion of pollutants released In the layer be-

neath the inversion is largely confined to this layer, while horizontal

dispersion is largely confined to the areal extent of the land-sea breeze

system. A climatic analysis of the region would indicate the frequency

of such adverse meteorologiczl conditions.

Another example of such a region Is found near the trade-wind

belt in tropical latitudes (roughly 50 N to 254N in the Northern

Hemisphere). These so-called trade-wind inversions are particularly

persistent over ocean surfaces or small Islands.

U, on the other hand, releases are consistently made well above

the capping Inversion in retgons such as these, it is to be expected that

exposure levels at the ground would be reduced from those estimated

using the models.

Another type of meteorological situation somewhat similar to

that just discussed from the point of view of estimating exposure levels

at the ground is the so-called polar outbreak. In this case a mass of

cold air traveling behind a cold front is normally capped by a strong

inversion. Once again, releases beneath the cap of the polar air n'ass

24
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would increase the hazard problem at the surface for relatively large

areas since a strong polar outbreak characteristically moves over hun-

dreds of miles without signllcant change.

It should also be noted that the model does not account for changes

In the stability of the air in the lowest 5000 ft of the atmosphere as the

air travels from land to water or vice versa.

The atmospheric diffusion of the fission products that come in

contact with the ground, vegetation, buildings, etc.. is complicated by

the loss due to deposition, which tends to deplete the layer of the plume

in contact with the ground, leaving an additional radioactive exposure

from the materials so deposited. The key parameter in the deposition

problem is the depostlon coefficient for which reliable values must

come from experimental measurements. Even so, the deposition

phenomenon Is believed to be so complicated by interactions among

diffusion parameters, surface characteristics, contaminant interactions,

carrier-host problems, retention efficiencies, and chemical nature of

contaminants and surfaces that interpretation of results is very difficult.

Cloud-dropiLt scavenging and raindrop scavenging are simplified

in the model. It has proved suitable in meteorological practice to

characterize a rainfall by rainfall intensity and the average diameter

of drops and their terminal velocities (Best 4). The computed values

correspond only approximately to the actual conditions, as the size of

the drops al,.,ys shows a spectral distribution. The curve of Best con-

taLns mean values which, in single cases, show remarkable differences,

with the extreme range in rainfall rate for a given mean drop size about

a factor of two.
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